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ABSTRACT
This investigation was conducted to determine the
thermal effect of temperature level, surface roughness, and
curing pressure on bars and bonded interfaces.
The equipment used in this investigation is shown in
Fig. 1 and F ig. 2.

The four specimens used, cylindrical

aluminum alloy bars, were cut radially at their midpoints
and faced on a lathe.

Heat was supplied by an electrical

resistance heating element and an ice bath was used to
conduct heat from the alloy specimen.

A heat shield was

used to insure one dimensional heat flow.

Spacers were

placed in the insulation at the top, the interface, and the
bottom of the aluminum bar to prevent heat conduction around
the interface.

These spacers also made a more constant

temperature gradient in the insulation around the heat
source and heat sink.

This setup is shown in F ig. 6 .

Eighteen thermocouples located at three radial positions at
six different levels were used to measure the heat flow
through the test cylinder.

Radial losses were controlled

by six resistance heaters in the heat shield.

Losses through

the insulation were kept to less than
Partial results from the tests are shown in Tables IV,
V, and VI.

Figures 9, 10, and 11 show the effect of curing

pressure, surface roughness, and temperature level on the
thermal resistance of bare and bonded interfaces.
The thermal resistance of the bare interface increased
with surface roughness, as did the resistance of the epoxy
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filled interface cured at 2 psi.

Because of a change in the

adhesive layer thickness the thermal resistance of the bond
layer decreased with curing pressure.

Thermal resistance

decreased with an increase in mean interface temperature for
all tests conducted.
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NOMENCLATURE
Symbol

Units

Physical Quantity

A

Cross-sectional
area of specimen

sq ft

k

Thermal Conductivity

Btu/hr ft °F

L

Length of specimen

ft

q

Heat flow

Btu/hr

ri

Inner radius

ft

Outer radius

ft

Rt

Thermal resistance

hr sq ft °F/Btu

Th

Higher temperature

OF

Tc

Lower temperature

OF

dT
dx

Temperature gradient

°P/ft
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INTRODUCTION
In recent years the resistance to heat transfer offer
ed by metallic joints in contact has become a major problem#
By decreasing the thermal resistance caused by two surfaces
in contact, the thermal efficiency of energy conversion sys
tems could be Increased and operating expenses could be low
ered#

Heat generated by electrical equipment in space ve

hicles must be conducted from the equipment and radiated to
the surroundings#

The thermal resistance of the adhesives

and contacts securing the ablation shields to rentry space
vehicles is extremely critical#

In the past, the resistance

to the flow of heat in contacts and bond layers was estima
ted or neglected#

Because of the extremely rapid advances

in the fields of space travel, high speed aircraft, and
missiles, the information available concerning the resist
ance of contacts and adhesive layers is very limited#

Tests

on this subject have led to several conclusions but these
are not always in complete agreement.

Investigations of

interface thermal conductance have been performed with the
test specimen in air, in a vacuum, under pressure, and with
various materials between the interfaces#
This thesis is concerned with the latter of the above
stated tests.

The problem is to determine to what extent

the surface roughness of the specimen and the curing pres
sure of the adhesive retard or improve heat transfer through
interfaces.
To date, the limited reference material on interface
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thermal conductance was concerned with bare interfaces of
metals; i.e., the effects of dissimilar metals, the inter
face pressure and relative temperature drop, effects of
shims, surface roughness of the interfaces, and the atmos
phere surrounding the test specimen.

The test apparatus

used in the investigations was of a similar arrangement
and the type of test specimens was usually either cylin
drical with large diameter to height ratio, or plates with
large width to thickness ratios.

Common parameters to all

tests were the heat flow and the temperature gradient across
the interfaces.
Dunkle, Gier, and Bevans (£3)# while investigating the
thermal conductivity of aluminum honeycomb structure, stated
that the total thermal resistance of the shell was the sum
of the resistances of the aluminum skin, the hoineycomb cell,
and the bonding adhesive.

The total thermal resistance of

the structure was measured with a heat meter.

The resist

ance of the aluminum skin was negligible, and the resistance
of the honeycomb cell was determined from the cell geometry.
Knowing the above stated resistances, the thermal resistance
of the bonding adhesive layer was determined.

A liquid and

a tape bonding material was tested.
Lewis (21) investigated the thermal effect of different
adhesive layers between aluminum interfaces.

The adhesives

used were epoxy thermoset, polyester thermoset, thermoplas-

tfUnderlined numbers in parenthesis indicate Refer
ences listed in the Bibliography.
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tic, and silicone rubber#

The effects of temperature and

curing pressure were also studied#
In their report on the thermal conductance of aircraft
joints, Barzelay, Tong, and Hollo (3.) noted the factors in
fluencing the thermal conductance across the interface be
tween 75S-T6 aluminum alloy and AISI Type J4I 6 stainless
steel structural joints#

The effects of heat flow, temper

ature drop, temperature level, and surface conditions, were
investigated.

Results from this report indicated:

(1) the

thermal conductance of the interface joint increases with
the mean interface temperature level, while it remains ap
proximately constant with changes in heat flow,

(2 ) thin

foils of good conducting materials inserted between the in
terfaces improve the heat transfer noticeably,

(3 ) common

strength-giving bonding materials produce joints with very
poor thermal conductance#
The effect of pressure on thermal conductance of con
tact joint was also investigated by Barzelay, Tong, and
Hollo (!£,)•

This investigation showed the following trends:

(1) the interface conductance increases with pressure, (2)
the increase in conductance for a given pressure increment
is far more pronounced for the soft material (aluminum)
than it is for the hard material (stainless steel),

(3) for

a given pressure increment the percentage increase of con
ductance is about the same for all mean interface tempera
tures, (1}) for a given pressure increment and interface
temperature the absolute increase of conductance is higher
for smoother surfaces#

k
Pried and Costello (11) report that thermal conductance
should improve for a joint material with: (1 ) increasing
contact pressure, (2 ) reduced surface roughness, (3 ) improv
ed flatness of surface, and (I4) lower yield strength of one
of the mating materials.

Tests on thin foils placed between

the interfaces showed an increase in the thermal conductance.
The lead foil exceeded aluminum at low contact pressures

(3 to 35 psi).
Pried (12) conducted tests using silicone grease and
silicone rubber between the interfaces of an aluminum joint.
The silicone rubber did not improve the thermal conductance
of the joint, while the silicone grease seemed to be effec
tive in increasing the thermal resistance of the aluminum
joint.
In reporting on the thermal conductance of space vehi
cle interfaces, Pried (10) states:

(1) the most promising

methods found in these experiments for improving the thermal
contact conductance of joints were the use of silicone
grease at all contact pressure and lead foil at contact
pressures in excess of 10 psi, (2 ) the results obtained
using "soft" metal shims appear to verify the dependence of
the contact conductance on the resistance to indentation of
the softer of the metallic joint materials, (3 ) sample flat
ness, as it affects the actual contact area between the joint
surfaces is perhaps the most important variable for bare
metal thermal contacts in space vehicles at low contact pres
sures.
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Jansson (17) Investigated the effects of various filler
materials on the interfaces of aluminum and beryllium blocks*
The filler material included epoxy cement, 0*002-inch indium
foil, aluminum and gold leaf, and 0 *00l5 -inch lead foil*
The indium foil, being a soft material, produced considera
bly lower thermal resistances than the bare interface*

The

lead foil decreased the thermal resistance as did the epoxy
cement*
ferences.

The other filler materials made no significant dif
By analyzing a joint contact points and the aver

age size of the points, as nearly constant, Jansson states
that for any given load, regardless of the surface roughness,
there would be a nearly constant thermal resistance*

Varying

surface roughness should yield different thermal resistances
when a fluid is present at the interface.

However in the

absence of fluid the conduction is dependent upon the con
tact points alone*
Rodgers (26^) found that the direction of heat flow has
a marked effect upon the thermal conductance at the inter
face of some dissimilar metals*

Powell, Tye, and Jolliffe

(25) disagree with Rodgers* theory of the differences in the
mechanism of heat conduction at the points of contact, and
attribute the effects on heat flow to thermal warping caused
by local temperature differences.

Based on their conclusion

from tests with a thermal comparator, they report that the
direction of heat flow has no effect on thermal conductance.
Prom the preceding discussion it can be seen that most
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of the emphasis has been placed on the bare interface*
This paper concentrates upon the effects of having an ad
hesive between the interfaces which essentially eliminates
convection and radiation effects, leaving only conduction
heat transfer to consider*
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EXPERIMENTAL METHOD AND EQUIPMENT
Description of Apparatus
The general setup of the test equipment is shown
in Fig* 1, and a schematic diagram of the equipment is
shown in Fig. 2,

The equipment was designed to determine

the thermal effect of an adhesive at the interface of a
cylindrical aluminum specimen.

This was accomplished by

cutting the specimen radially at its* midpoint, and bonding
it together with an adhesive.

Heat was supplied at the top

end of the specimen by an electrical resistance heater.
An ice bath was used to transfer the heat from the bottom
of the specimen.

The aluminum cylinder was placed in a heat

shield and packed in glass wool insulation to minimize the
radial heat loss.

Once the specimen had reached steady

state, the axial temperature distribution along the speci
men was recorded, and the thermal resistance of the bond
layer was calculated.

Tests were conducted varying the in

terface surface roughness for bonded and bare interfaces,
and varying the curing pressure of the adhesive.
Specimen - The four specimens consisted of a cylindri
cal aluminum alloy (7075 -T6 ) bars which had been cut and
faced, then rejoined with a thixotropic epoxy adhesive.

The

aluminum alloy had a nominal composition of 1 .6# copper,
2.5# magnesium, 5*6# zinic, and 0 .3 # chromium.

The eighteen

thermocouple holes, six axial holes at three different
depths (0 .500 , 0 .250 , and 0.125 of the diameter) were ar
ranged as shown In Fig. 3 and Fig. I|.

The upper and lower

8

Pig. 1 Equipment setup for
investigation*

A - Variable Voltage
Transformer
B - Wattmeter
C - Variable Voltage
Transformer
D - Heat Source
E - Specimen
P - Heat Sink
G - Heat Sink Ice Bath
H - Recorder
I - Reference Junction
Ice Bath
Pig. 2

K - Main Switch Box
L - Heat Shield
Thermocouples
M - Specimen Thermocouples
N - Aluminum Disk
P - Heat Shield
Schematic of Experimental Setup
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halves of the specimen are dimensionally the same.

The three

air gaps, as shown in Pig. 6, were constructed of sheet alum
inum 5.50 inches outside diameter and 2.00 inches inside dia
meter.

Because of the low thermal conductivity of still air,

as compared to glass wool, the air space at the interface of
the specimen reduced the flow of heat around the interface.
To prevent a radial temperature gradient around the heat source
and heat sink interfaces, air gaps were used.

Sheets of

aluminum foil were placed between the heat source and heat
sink interfaces to decrease the thermal resistance of these
joints.
Heat Source - The heat source consisted of an electri
cal resistance heating element mounted on a tee-shaped block
of aluminum.

In order to obtain a uniform radial tempera

ture distribution, the heater head was designed in a tee
shape, 3.25 inches in diameter at the top and 2.00 inches
in diameter at the base.

Three thermocouples were mounted

in the heat source, 0.125 inches from the base at different
radii to check the radial temperature distribution.

A

fourth thermocouple was located 0.250 inches from the top
of the heat source to maintain a check on the heating element
temperature.

The aluminum tee-block helped to eliminate

small variations in the heating element’s temperature.

A

3.20-pound weight was placed on top of the plate covering
the heating element to insure good contact between heat
source, specimen, and heat sink.
shown in Pig. 6.

The heat source setup is
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Pig. 3

Test specimen

12

Pig* I4 Test Specimen Details and
Thermocouple Numbering System
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Heat Sink - The heat sink consisted of an aluminum
cylinder 3.25 inches in diameter and 8.00 inches long.

The

top 2.00 inches was beveled at a [|50 angle as shewn in Pig,
6.

The top of the heat sink was 2,00 inches in diameter.

Tapering the top of the sink helped to eliminate radial temp
erature distributions in the aluminum and in the glass wool
insulation,

A 2,25-inch inside diameter and 3,00-inch out

side diameter cylindrical aluminum tube 6,00 inches long
was pressed on the bottom of the 3*25-inch aluminum bar to
increase the heat rate through the heat sink.

Six holes,

0.500 inches in diameter were drilled at a [[5°-angle in the
aluminum tube to allow the water in the ice bath to flow
through the heat sink.

The bottom of the 3,25-inch aluminum

cylinder was finned to increase the heat transfer rate.
A thermocouple was mounted in the center of the heat sink.
Three thermocouples were placed 0.125 inches from the top
of the heat sink at different radii to check the radial
temperature distribution.

The heat sink was maintained

at a low temperature by submerging the lower half of the
3.25 inch aluminum cylinder in an ice bath as shown in
Pig. 1.

The ice bath was continuously agitated by an elec

tric motor driven eccentric and maintained at a temperature
of 32°P.
Heat Shield - The heat shield, as shown in Pig. 5> con
sisted of a ’’Transits" pressure pipe 13,25 inches long, 7*00
inches outside diameter, and 5*75 inches inside diameter.
Nichrome heating wires were placed in grooves, 0.125 inches
wide and 0.1|375 inches deep, cut radially in the heat shield.

iu

Pig. 5 , Heat Shield
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An aluminum disk, 0.750 inches thick, 5*750 inches outside
diameter and 3.250 inches inside diameter, was placed in the
bottom of the heat shield to insure an even temperature dis
tribution in the shield.

Because the bottom section of the

heat shield was below ambient temperature, a layer of glass
wool insulation, I4.50 inches deep, was placed around this
section of the shield.

Three variable voltage transformers

were used to maintain the current in the nichrome heating
elements.

Eighteen thermocouples were mounted in the heat

shield at three levels and six radial positions to determine,
thus minimize the radial loss of heat.

The heat shield was

mounted on a 1/ 2 -inch plywood board, 16 inches square, and
secured with four machine screws.

This was supported by two

1 inch boards, 12 inches high and II4 inches wide.

A hole was

cut in the center of the plywood board so the heat sink could
extend down into the ice bath.

The heat sink was held in

position by three angle clips, with lock screws, equally
spaced around the hole.
Thermocouples - Forty-four iron-constantan thermocouples
were used to measure the temperatures.

The thermocouple

potentials were measured by a Brown Electronik Continuous
Balance Unit, to the nearest hundredth of a millivolt.
32°F ice bath reference junction was used.

A

The thermocouple

numbering system is shown in Fig. Ij.
Additional Equipment - The surface roughness of the
specimen was measured by a Profilometer.

The range of the
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Pig. 6 Complete test specimen
as setup in heat shield.
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surface roughness (root mean square) was observed,

A watt

meter was used to monitor the input power from the powerstat
to the heat source.
material.

Glass wool was used as the insulating

Various switch boxes were used in conjunction

with the recorder to measure the thermocouple potentials.
A voltmeter was used in conjunction with a temperature versus
voltage curve for each pair of nichrome heating elements in
order to obtain the proper temperature distribution down the
heat shield.
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Test Procedure
The reference junction and heat sink ice baths were
prepared*

The thermocouples, wattmeter, electrical sources,

and heaters were connected and the power turned on.

Power

to the heat source was controlled by a variable voltage
transformer and monitored by a wattmeter.

The power was

set until a specific temperature was reached in the upper
part of the cylinder and then adjustments were made to re
tain this temperature.

After steady state conditions were

reached at this predetermined temperature, and the desired
data taken, the input power was readjusted and another pre
determined temperature was obtained under steady state con
ditions.

This procedure was continued until the data nec

essary to complete a particular test had been gathered.
Heat shield voltage, wattmeter readings and tempera
tures of the heat shield, heat source, heat sink ice bath,
and test specimens were initially recorded every 20 minutes
and eventually every 10 minutes until readings remained
constant for approximately 30 minutes.

About 3 hours were

required to reach steady state for a given set of conditions.
The reference junction ice bath was checked each time data
was taken, and the heat sink ice bath was continuously agi
tated to insure a uniform temperature during the test.
The four aluminum specimens were cut radially at their
midpoints, and the interface tooled smooth on a lathe.
Placing the bare interfaces in contact, the eighteen thermo
couples were fixed in position.

The weight of the heat
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source, the upper half of the specimen, and a 3 .20-pound
weight were used on the bare interface run to maintain
interface contact.

All bond and contact tests were run

with the same weight arrangement and identical procedures
were used.
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Test Data
The test data from the bare interface investigation are
shown in Table I.

The runs were conducted at two different

surface roughness values and an interface contact pressure
of 2 psi.

The average temperatures of the three thermocou

ples at the six positions down the specimen are tabulated
with the average temperature drop through the insulation.
The temperature drop through the insulation was calculated
from the readings obtained from the eighteen thermocouples
in the heat shield wall.

The specimen thermocouple number

ing system is shown in Pig. 1|.

Eight runs were made vary

ing the mean interface temperature.
The results of the epoxy surface roughness test are
shown in Table II.

The three average rms surface roughness

values used were 25>* 90, and 11|5 microinches.

The curing

pressure for the epoxy adhesive was 2 psi for all three
runs.

The mean interface temperature was varied for five

different runs.
Table III shows the data from the epoxy pressure test.
The specimens were cured at three pressures, 2 psi, 35 psi,
and 75 psi.

The average surface roughness value for this

set of runs was 25 microinches (rms).
varying the mean interface temperature.

Six runs were made
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TABLE I

Experimental Data

Bare Interface Test

Surface
Roughness
microinches
rms

85 - 95

Mean Interface
Temperature °P

186.U

Specimen
Thermocouple

Heat Meter
No. 1
Heat Meter
No. 2
Heat Meter
No. 3
Heat Meter
No. 1(

llto - 150

182.2

Temperature
°P

Temperature
op

A

232.3

220.7

3

212.3

205.3

C

199.7

195.7

D

173.0

167.0

E

160.0

157.3

P

139.3

11*1.1

Temperature
Drop through the
Insulation °P

6.1|

3.1}
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TABLE II

Experimental Data

Epoxy Surface Roughness Test

1
O
C\J

Mean Interface
Temperature °F

Ilf6*I|

Specimen
Thermocouple

Heat Meter
No. 1
Heat Meter
No. 2
Heat Meter
No. 3
Heat Meter
No. k

0

Surface
Roughness
microinches
rms

Temperature
Op

85 - 95

lljlt.2

Temperature
Op

11(0 - 150

125.5

Temperature
°p

A

190.0

167.7

179.7

B

171.7

158.0

162.7

C

160.3

153.7

152.0

D

132.0

13l|.7

99.0

E

120.3

129.3

88.0

F

101.3

120.7

70.3

Temperature
Drop through the
Insulation °P

6.0

1.70

5.00
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TABLE III

Experimental Data

Epoxy Cure Pressure Test

Cure Pressure
psi

2

35

75

205.6

201.0

196.0

Temperature
op

Temperature
°p

A

253.3

2lt5.3

2lt5.3

B

229.0

221.3

219.0

No. 2

C

213.3

206.0

202.0

Heat Meter
No. 3

D

175.0

196.0

191.0

E

158.7

180.3

173.7

P

132.lt

155.3

11)6.0

10.0

12.3

8.1)

Mean Interface
Temperature °P

Specimen
Thermocouple

Heat Meter
Ho. 1
rieuer

Heat Meter
No.

Temperature
Drop through the
Insulation °P

Temperature
°p

2k

METHOD OP ANALYSIS
Thermal resistance is defined by the equation
R t = A U h- T c ) t
(X)
q
where A is the cross-sectional area, q Is the rate of heat
transfer through the resistance, T^ is the temperature on
the hot side of the resistance, and Tc is the temperature
on the cold side of the resistance.
The equipment used in this investigation permitted only
one dimensional heat flow, thus satifying the Fourier
conduction equation,
q = -kA dT .
dx

(II)

Radial heal losses were minimized by the heat shield and
glass wool Insulation.

The heat rate was calculated at

four different areas along the sample.

The heat flow through

the No. 1 heat meter was calculated from the difference in
the temperature of thermocouples A and 3

.

The thermal con

ductivity (k) was taken from Pig. 7 at the average tempera
ture of thermocouples A and B, and distance (dx) between
the thermocouples A and 3, and the cross-sectional area of
the specimen.

The heat flow through heat meters No. 2,

No. 3, and No. k was calculated using the same procedure.
The difference between readings on heat meters No. 1 and
No. k was taken as the radial side losses.

Radial heat

losses were also calculated using the following conduction
equation for heat flow through a cylindrical wall, assuming
the insulation between the heat shield and specimen was a

Thermal Conductivity, Btu/hr ft

25

Figure 7
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cylindrical wall of length (L):
q = 2 -rrkL(Tfr-T0 ) #
In r0/r±

(II1)

The thermal conductivity was taken from Pig* 8 at the mean
temperature of the insulation.

The temperatures were taken

from the average readings of the eighteen thermocouples
mounted in the heat shield*

Outer and inner radii (rQ and

r^) were measured from the center of the specimen to the
thermocouples measuring the temperature drop through the
insulation.
Using equation No.II, the temperatures of the upper
and lower interfaces were calculated.

Heat flow through

the interface was assumed to be the same as measured from
heat meter No. 2.

Prom the temperature recorded by thermo

couple C the thermal conductivity was determined for the
upper interface, and the temperature from thermocouple D
was used for the lower interface.

Using the cross-section

al area of the sample, and equation No. I, the thermal
resistance of the interface was calculated.

27

Temperature, °F
Figure 8
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DISCUSSION OF RESULTS
The effects of surface roughness and mean interface
temperature on the thermal resistance of bonded and dry
interfaces are shown in Fig* 9.

The joints bonded with

epoxy had a greater resistance to the flow of heat than did
the bare interfaces.

The thermal resistance of the joint

decreased with an increase in the mean interface temperature
as shown by Barzelay, Tong, and Hollo (£), and Lewis (21)*
Fig. 11 shows a comparison between the test results of
Barzelay, Tong, and Hollo and the results of this test.
The curve for the 90 microinch bare interface joint indi
cates the validity of the test results.

Since the chemical

classification of the epoxies used in the tests conducted
by Jansson (17.) and Lewis

(21)

were not stated, a comparison

of the results could not be made.
The results of the epoxy cure pressure test, Fig. 10,
show a large decrease in the thermal resistance with an in
crease in cure pressure.

A slight decrease in the thermal

resistance was apparent with an increase in the mean inter
face temperature.

The lower value of thermal resistance

with cure pressure can be attributed to the decrease in the
bond thickness and possibly to the deformation of some of
the asperities on the interface surface.

The average sur

face roughness value for the cure pressure test was 25
microinches rms.
A general comparison of all test results shows a de
crease in the range of the results with a decrease in the

29

TABLE IV

Tabulated Results

Epoxy Surface Roughness Test

0

< r\

1

o
CM

Surface Roughness
microinches
rms
Mean Interface
Temperature °P

ll4 6 #i|

85 - 95

II4O - 1 5 0

114(4 .2

125.5

Heat Meter
Ho. 1 (Btu/hr)

163.5

76.7

151.0

Heat Meter
Ho. 2 (Btu/hr)

161.0

7l4.3

1(49.8

Heat Meter
No. 3 (Btu/hr)

160.8

74.5

H 48 .O

Heat Meter
No. i| (Btu/hr)

161.8

7(4.2

11)6.0

%
Actual
Heat Loss

%
Heat Loss
Calculated

Thermal
Resistance
hr sq ft °F/Btu

l.Olt

0.73

.0 0 2 9 8

3 .2 6

3.31

.(47

.6 9

.001(35

.0 0 6 2 9
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TABLE V

Tabulated Results

Epoxy Cure Pressure Test

Cure Pressure
psi

2

35

75

Mean Interface
Temperature °P

205.6

201.0

196.0

Heat Meter
No* 1 (Btu/hr)

230.0

226.0

21*7.0

Heat Meter
No* 2 (Btu/hr)

232.0

22I4.O

21*9.0

Heat Meter
No. 3 (Btu/hr)

230.0

225.0

21*7.0

H©at Meter
No* k (Btu/hr)

229.0

222.0

21*l*.0

% Actual
Heat Loss

.1(36

1.77

Heat Loss
Calculated

Thermal
Resistance
hr sq ft °P/Btu

1.05

1.29

.00277

.0001491*

u\
0
co
.

%

1.21

.000302

Thermal Resistance x 10"’
hr sq ft °P/Btu
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Figure 9
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TABLE V I

Tabulated Results

Bare Interface Test

Surface
Roughness
microinches rms
Mean Interface
Temperature °P

85 - 95

11)0 - 150

186.1)

182.2

Heat Meter
No* 1 (Btu/hr)

185.5

11)1.5

Heat Meter
No. 2 (Btu/hr)

183.5

139.0

Heat Meter
No* 3 (Btu/hr)

181).5

137.0

Heat Meter
No* I4 (Btu/hr)

181.0

136.8

% Actual
Heat Loss

2 *1|2

3.32

% Heat Loss
Calculated

0.80

0.55

Thermal
_~
Resistance XlCf'*
hr sq ft °P/Btu

2.25

3.60
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Io

Thermal Resistance x
hr sq ft °P/Btu

I—1

Mean Interface Temperature, °P
Curve A - Results from this investigation at 2 psi
and II4O - 150 microinches root mean square
surface roughness.
Curve B - Results from this investigation at 2 psi
and 85 - 90 microinches root mean square
surface roughness.
Curve C - Results from Barzelay, Tong, and Hollo^
investigation at 5 psi and 90 microinch
es root mean square surface roughness.
Curve D - Results from Barzelay, Tong, and Hollo^
investigation at 5 psi and 10 microinch
es root mean square surface roughness.
Figure 10

temperature drop across the interface.
from the curves in Pig. 10.

This can be seen

A high heat rate through the

sample will also give a more accurate value of thermal re
sistance, because of the limited means of temperature
measurement.
The maximum heat loss during the test was
the average being much lower.

l\*l% with

3?

Thermal Resistance x
hr sq ft °P/Btu

5

k

r r"ti~t-i i 11i~t~
l_ i_ L

Curve A

~-r-

£L

3

2
Curve B

1
0 I_
0

-&

Curve C
100

-esA

<9-

200

Mean Interface Temperature, °P
Curve A - Curing pressure 2 psi, 25 raicroinches rms
surface roughness*
Curve B - Curing pressure 35 psi, 25 microinches rms
surface roughness.
Curve C - Curing pressure 75 psi, 25 microinches rms
surface roughness.
Pigure 11

300
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CONCLUSION AND RECOMMENDATIONS
The experimental results gave evidence for the follow
ing conclusions:
1.

The thermal resistance of the bare interface in
creased with an increase in surface roughness.

2.

Cure pressure decreases the thermal resistance of
bonded joints.

3#

Compared with the bare interface, the thermal re
sistance of a joint increases when bonded with
thixotropic epoxy adhesive.

I4.

The thermal resistance of a bare interface and
an epoxy bonded joint decreases with an increase
in the mean interface temperature.

This investigation has produced results which can be
used with reasonable assurance that the values of thermal
resistance found here would be valid for similar conditions
and applications.

The adhesives tested were commercial

products available for retail purchase.

They were cured

and tested within the range specified by the manufacturer.
The following recommendations are made:
1.

An extensive surface roughness and cure pressure
study with more adhesives using various metals
and non-metal specimens.

Investigating the effects

of pressure on shims placed between the interfaces.
2.

Determining the thermal resistance of bonds and
contacts in a vacuum with a variable temperature
heat sink
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3.

Modification of the present equipment in regard
to the accuracy and arrangement of the thermocou
ples, efficiency of the heat shield, type of insu
lation used, and decreasing the thermal resistance
at the interfaces of the heat source and heat sink.

3a

BIBLIOGRAPHY
1*
Alcoa Aluminum Handbook, Aluminum Company of
America, Pittsburgh, Pennsylvania, 1959* p. 36*
2.
American Standard, "Surface Roughness, Waviness
and Lay," ASA, B 1*6.1, 1955.
3.
Barzelay, Martin E., Tong, Kin Nee, and Hollo,
George, "Thermal Conductance of Contacts in Aircraft Joints,"
NACA TN 3167, March 195*4.
I4.
Barzelay, Map tin E., Tong, Kin Nee, and Hollo,
George, "Effects of Pressure on Thermal Conductance of
Contact Joints," NACA TN 3295, May 1955.
5.
Brunot, A. W. and Buckland, F. F., "Thermal
Contact Resistance of Laminated and Machined Joints,"
Trans. ASME, vol. 71, 191*9, P. 253.
6.
Bryan, James B., Boyadjieff, George I*, and
McClure, Eldon R., "Measuring Surface Finish," Mechanical
Engineering, December 1963, p. 1*3-146.
7.
Burgman, H. A., "The Trend in Structural Adhe
sives," Machine Design, November 21, 1963, p. 192-198.
8.
Dunkle, R. V., Gier, J. T., and Bevans, J. T.,
"The Thermal Conductivity of Aluminum Honeycomb Material
Near Room Temperature," ASME Paper No. 58-SH-l, October
21, 1957.
9.
Fenech, H. and Rohsenow, W. M., "Prediction of
Thermal Conductance of Metallic Surfaces in Contact,"
ASME Paper No. 62-HT-32, May 2, 1962.
10. Fried, E., "The Thermal Conductance of Space
Vehicle Interface,” General Electric Laboratory Technical
Information Series, 61GL65, March 1961.
11. Fried, E., Erwin, and Costello, Frederick A.,
"Interface Thermal Contact Resistance Problem In Space
Vehicles,” ARS Journal, vol. 32, February 1962, p. 237.
12. Fried, E., "Thermal Joint Conduction in a
Vacuum," ASME Publication, 63-AHGT-I 8, December 1962.
13. Goldsmith, Hirschhorn, and Waterman, "Thermo
physical Properties of Solid Materials,” WADC TR 58-1*76,
vol. 2, November I960, p. V-A-Ij.

39

llj® Graff, W. J. "Thermal Conductance Across Metal
Joints," Machine Design, I960, vol, 32, no, 19* P* 166.
15* Gier, J, T, and Dunkle, R, V,, "Using the Heat
Flow Meter to Study Heat Transfer," Refrigeration Engi
neering, vol, 62, October 195^1* p, 63#
16, Henry, J* J, and Fench, H,, "The Use of Analog
Computers for Determining Surface Parameters Required for
Prediction of Thermal Contact Conductance," ASME, Paper
No, 63-WA-10ij, August 6 , 1963*
17* Janssen, J, E, and Torborg, R, H,, "Thermal
Conductivity of Some Epoxy Plastics," Minneapolis-Honeywell
Reg, Co,, Research Center, Hopkins, Minnesota,
18, Jansson, Richard M,, "The Heat Transfer Properties
of Structural Elements for Space Instruments," MIT Instru
mentation Laboratory, E1173* June 1962,
19# Koehn, G, W,, "Industrial Adhesives," Armstrong
Cork Co,, Lancaster, Pa,, 1959*
20,
Kreith, Frank, Principles of Heat Transfer,
International Textbook Company, Scranton, Pennsylvania,
1958,
21, Lewis, David M,, "Thermal Resistance of Bonds and
Contacts," Thesis, Missouri School of Mines and Metallurgy,
Rolla, Missouri, January 19614*
22, Markley, F, W,, "Adhesives and Sealants," Indus
trial Research, October 1962, p, 56-63,
23, Petri, F, J,, "An Experimental Investigation of
Thermal Contact Resistance in a Vacuum," ASME Paper No,
63-WA-156, August 8, 1963*
21}, Powell, R. W,, "The Place of Heat Conduction in
The Theory, Practice and Testing of Bonds," Applied Mate
rials Research, October 1962,
25* Powell, R. W®, Tye, R. P., and Jolliffe, B. W . ,
"Heat Transfer at the Interface of Dissimilar Metals:
Evidence of Thermal - Comparator Experiments," Int, Jour
nal of Heat and Mass Transfer, vol, 5* 1962, p® 897-902,
26,
Rodgers, G, F, C,, "Heat Transfer at the Inter
face of Dissimilar Metals," Int, Journal of Heat and Mass
Transfer, vol, 2, 1961, p, l50-l5^l«

1*0

27. Rosato, D. V., "Non-Metallic Composite Materials
and Fabrication Techniques Applicable in Present and Future
Solid Rocket Bodies,” American Rocket Society, February

.

1961

28. Schenck, H. Heat Transfer Engineering, PrenticeHall, Inc., Englewood Cliffs, ilew Jersey, 1959*
29. Schneider, P. J., Conduction Heat Transfer,
Addison-Wesley Publishing Company, Inc., Reading, Mass.,
1957.
30. Sharpe, Louis H., Schonhorn, Harold, and Lynch,
Charles J., "Adhesives International Science and Technology,
April 19614, p. 26-38.
31. Williams, H., "Comment on Rodgers1 Paper *Heat
Transfer at the Interface of Dissimilar Metals,*" Int.
Journal of Heat and Mass Transfer, vol. 3, 1961, p. 159.
32. Witzke, Fred, W., "Surface Finish and Other
Surface Specifications," American Society of Tool and
Manufacturing Engineers, Technical Paper No. 3i|0, vol. 61,
book 1, 1961.
33. Zisman, W. H . , "Influence of Constitution on
Adhesion," Industrial and Engineering Chemistry, vol. 55,
No. 10, October 1963, p. 19-38.

ACKNOWLEDGMENT
The author wishes to express his appreciation to
Professor C. R. Remington for his continuous advice,
encouragement, and guidance throughout this investi
gation*
Thanks are also due to Dr. Harry J. Sauer, Jr* for
suggesting this problem and his interest in the test*
The author is deeply appreciative of the sincere
encouragement, helpful suggestions, and assistance of
Professor Lyle G. Rhea*
The help and encouragement given by fellow graduate
students, Ronald H. Williams, Walter E* Palm, and Daniel
E. Wilson are gratefully acknowledged*

VITA
Born on December 27, 1941, the author received his
primary education at St. Peter Grade School in Jefferson
City, Missouri.

After graduating from Helias High School

in May, 1959, he attended the Missouri School of Mines
and Metallurgy for four years and graduated with a Bachelor
of Science Degree in Mechanical Engineering in May of 1963.
The following summer was spent in East Texas working for
Socony Mobil Oil Company.

In the fall of 1963, the author

was accepted into the graduate school at the Missouri
School of Mines and Metallurgy and was given a graduate
assistantship for the academic year of 1963 - 64 .

